Boron nanostructures were synthesized by the vapor-liquid-solid mechanism using nickel as a catalyst. Two types of catalyst deposition methods were used: thermal evaporation and solution dispersion of Ni nanopowder. Also, the effect of synthesis temperature on the shapes of the nanostrucrure formed is reported here. The nanostructures were primarily characterized by Scanning Electron Microscopy (SEM). Further qualitative analyses were done with Transmission Electron Microscopy (TEM) and High Resolution Transmission Electron Microscopy (HRTEM). For quantitative analyses Energy Dispersive X-ray spectroscopy (EDX) and Electron Energy Loss Spectroscopy (EELS) were used. These results confirmed that 1) high purity Ni assisted boron nanostructures grow by pyrolysis of diborane, and that 2) oxide assisted growth of the nanostructures did not take place as carbon and oxygen were present only as surface contamination. Selected Area Electron Diffraction (SAED) patterns showed that the nanostructures were mainly crystalline. By decreasing the amount of nickel catalyst that is deposited by thermal evaporation the diameters of the nanowires were reduced. Also, the use of nickel nanopowder as catalyst instead of Ni film resulted in significant reduction in wire diameter. The diameter of the boron nanowires are about 36 nm. With nanowires other types of nanostructures were formed in either type of deposition. At the lower reaction temperature formation of nanosheets was observed.
Introduction
The increased demand for energy calls for the development of new approaches towards useable energy sources. Hydrogen is one of the most abundant energy resources that can be converted to both thermal and electrical energy. Several hydrogen storage methods such as carbonfiber-reinforced high-strength containers, liquid hydrogen, chemical hydrides, and carbon nanotubes have been suggested. 1 The demand for storage materials for hydrogen is the motivation for our research on the synthesis of boron nanostructures. Boron, because of its unique semi-metallic properties, allows for optimal efficiency in a storage unit, and is convenient for transportation because of its light weight.
It also makes the second largest (next to carbon) number of compounds with hydrogen. Thus, research towards the production, storage, and usage of hydrogen is crucial as it provides for another energy carrier that may become both economically and environmentally favorable. Using hydrogen in such a way minimizes greenhouse gas emissions and acts as a cleaner energy alternative. Nanostructures are studied instead of bulk powder or crystalline materials because of the increased surface-to-volume ratio. This is beneficial as more hydrogen can be stored per weight of the storage material. Also, the use of nanostructures is favorable because they are known to have an increased diffusion rate of the adsorbed material, which leads to more efficiency in the delivery of the stored hydrogen.
The objective of the current research is to observe the effect of catalyst deposition method and temperature on the diameter of nanowires. By the spillover mechanism 2 hydrogen is proposed to be stored in carbon nanostructures. In this mechanism the dissociation of diatomic hydrogen molecules over a metal catalyst particle, which is on top of a support, takes place and then the hydrogen FIG. 1: Substrates placed in reaction chamber after deposition of catalyst.
"spills" over and onto the surface. It is hypothesized that the spillover mechanism will apply to boron nanowires, with nickel acting as the catalyst and the boron network acting as the support. Different types of boron nanostructures have been synthesized using magnetron sputtering, laser ablation and chemical vapor deposition method. Nanowire-nanotube hybrid structures are also synthesized using iron as a catalyst. Also researchers have used an array of catalysts such as gold, platinum, and palladium, resulting in a one dimensional structure and concluded that the use of nickel as a catalyst is ineffective. 3 However, in this work we have observed growth of boron nanostructures not only with a nickel catalyst deposited thermally, but also starting from nickel nanopowder. At relatively low temperatures (800-1000
• C) the pyrolysis reaction B 2 H 6 → 2B + 3H 2 occurs in the presence of a Ni catalyst and different types of boron nanostructures are formed. We further have observed the effect of catalyst deposition method and the reaction temperature on the types of nanostructures formed. In the following sections, detailed descriptions of the synthesis method and materials are discussed.
FIG. 2:
Boron hybrid structures formed by using 1.7 mg Ni.
Experimental Details

Materials
For the synthesis, the Low Pressure Chemical Vapor Deposition (LPCVD) method (specifically, the VaporLiquid-Solid (VLS) sub-method 4 ) was used with a home built apparatus. The CVD method is often used to produce solid materials at a high purity level. The products are often used in the semiconductor industry in applications such as electronic devices. The apparatus that was used for the synthesis in this lab is discussed in detail elsewhere. 5 The substrates used in this experiment were silicon wafers with a one micron thick thermally grown layer of silicon oxide, each cut into approximately 1 by 1.5 centimeter rectangles. Precipitation of the desired product would occur as well as the production of byproducts, which can be pumped out of the reaction chamber. The wafers were ultrasonically cleaned using first a 20% hydrogen peroxide and sulfuric acid mixture in a 1:2 ratio to remove all inorganic materials, and then again by a solution of methanol and acetone in a 1:1 ratio to remove all organic contaminants. Each solution was allowed to sit in the sonicator for approximately 15 minutes. The wafers were placed on a slide and then prepared for the deposition of the catalyst by either thermal evaporation or solution dispersion.
To characterize the synthesized samples qualitatively, Scanning Electron Microscopy (SEM, JSM 6320F) and Transmission Electron Microscopy (TEM) were used. SEM was first used to identify the basic structures of the samples. From the SEM analysis, it could be determined whether or not the desired nanostructures were formed. After the identification of the nanostructures, TEM analyses were performed, which show the exact diameter of the nanowires. Energy Dispersive X-ray (EDX) spectroscopy was then used to determine the elements present in the synthesized nanowires. Also, Electron Energy Loss Spectroscopy (EELS) was used to determine the relative atomic percentage of each element present in the nanowires. This is important because the amount of oxygen present in the sample would tell us if the product is oxidized or not.
Nickel catalyst deposition methods
Thermal Evaporation Method
Nickel foil was heated in a Joel LTD (model # JEE-4X/5B) vacuum evaporator. First, to prevent contamination of substrates, the nickel was ultrasonically cleaned with methanol and acetone, and then weighed. The thermal evaporator was first coated in a trial run by evaporating a small amount of Ni to eliminate any possible contamination of wafers. Nickel catalyst of mass ranging from 1.7 and 1.3 mg were deposited on the three wafers. After the wafers were retrieved from the evaporator, a slight color change was observed.
Solution Dispersion Method
Nickel nanopowder was deposited on silicon wafers by "solution dispersion". In our experiment, about 6.5 mg of nanopowder (99 %) ranging 20-40 nm in size was dispersed in 6.5 ml of propanol and sonicated for fifteen minutes. Then a 2 µL aliquot of solution was dispersed on each substrate utilizing a micropipette and allowed to dry before placement in the CVD apparatus.
In both cases, the thermal evaporation and solution dispersion methods of deposition, substrates were then placed in a quartz boat and inserted into the quartz tube reaction chamber of the CVD apparatus (arrangement of wafers can be seen in Figure 1) . A continuous flow of argon gas of high purity was introduced to the chamber for 45 minutes at 5 sccm and the center-of-furnace temperature was set to 925
• C. The pressure in the reaction chamber at this time was approximately 200 mTorr. Diborane gas at 1.08% in argon from Matheson tri-gas products Inc. was then introduced to the reaction chamber at a flow rate of 20 sccm for 120 min. This time the chamber pressure was 340 mTorr. At the end of the synthesis, the chamber was cooled down under 5 sccm argon flow. Grey deposits were visible by eye on the substrate.
Results and Discussion
Thermal evaporation method of nickel deposition
From the SEM characterization of samples from numerous synthesis trials, it was observed that wafers 1 and 2, which are located closest to the gas flow (that is at the lower temperature area), have more boron deposition and nanostructure growth than observed on wafer 3. This growth protocol has been consistent throughout all syntheses conducted, regardless of catalyst deposition method. Specifically, from the thermal evaporation deposition technique, the amount of nickel catalyst deposited onto the substrate was varied. It is observed from the SEM images that by changing the amount of Ni deposited thermally from 1.7 to 1.3 mg, the diameter of boron nanowires obtained were almost halved. Boron nanostructures obtained by using 1.7 mg of Ni catalyst is similar to the nanostructures obtained by Xu et al. using a Au catalyst. These are "tube-catalytic particlewire" hybrid structures. Figure 2 shows that the growth of boron nanowires with diameters ranging from 0.8 to 1.2 µm and is compared on the right to an SEM image published by Xu et. al nanowires obtained are between 60 and 400 nm in diameter. Nanostructures of uniform diameter as well as some tapered structures were seen. Most nanostructures had lengths greater than 14 µm. Figure 3 shows the products that were synthesized. The EDX spectrum shows that the elements present are boron, carbon, oxygen, silicon, nickel and copper. As boron and carbon peak positions are not well resolved, quantitative analysis was not possible. Oxygen comes from contamination while the copper peak is from the Cu grid that was used for the TEM.
FIG. 7: a) SEM images of nanowire formation in island; b) Nanoflower growth.
By lowering the quantity of nickel the diameters of the boron nanostructures were decreased, which indicates that the size of the metal droplet is the key component in determining nanowire diameters. The metal droplet diameter can be calculated using:
RT ln(s) )σ lv , where V l is the molar volume of the droplet, σ lv is the liquid-vapor surface energy, and s is the degree of supersaturation of the vapor. Therefore this equation restricts the minimum diameter of the droplet, and of any crystals that can be grown from it. Also, the overcrowding of catalyst nucleation sites may hinder the growth of the nanoparticle both in diameter and in length. Figure 4 shows an amorphous nanowires. Other than nanowires, nanoflowers ( Figure 5 ) with thickness between 50 and 200 nm are also observed. The flowers were of very highly ordered crystalline morphology as confirmed by the SAED image. The HRTEM also revealed a 7.5Å distance in atomic layers in nanoflowers. Figure 6 shows the formation of a 60 nm wide nanowire from the nucleation site. A series of EDX spectra collected from different positions not only supports the nickel catalyst assisted growth, but also it helps us to conclude that boron remains un-oxidized during synthesis.
Starting from nickel nanopowder
Utilization of Ni nanopowder with diameters between 20-40 nm is found to be an effective way to overcome the minimum metal droplet threshold that exists with thermal evaporation. Both root and tip growth mechanisms are observed; the catalytic particle can be identified at the base of the structure on the substrate as well as at the tip of the wire. Xu et al. 3 have provided two hypotheses regarding root or tip growth and the residence of the EDX spectrum collected from the area that is displayed in (a); d) EELS spectrum collected from the area that is displayed in (a).
catalytic particle within the structure. These hypotheses helped us to interpret our observations. As shown in Figure 7 , island formation of the Ni catalyst is observed in the SEM images, similar to that observed in the case of a thermally deposited nickel catalyst. Initial nanostructure growth is seen within the catalyst network. In Figure 8 , the TEM and SAED images show that 45 nm diameter nanowires are formed. It was challenging to collect HRTEM from this area due to contamination from hydrocarbons. The small spherical form on the nanowire seen on the left side of the TEM image in Figure 8b is likely due to electron beam damage. By changing the synthesis temperature from 925 to 875
• C, it was found that along with nanowires some nanoribbons or nanosheets are also formed. Figures 9 and 10 present a detailed analysis of products formed. One of the nanowires shown here has a diameter of 42 nm and of As the diameters of the nanowires depend on the catalyst particle size, by decreasing the amount of catalyst deposited thermally, the diameters could be reduced. Through the use of nickel nanopowder of diameters between 20 and 40 nm, even thinner boron nanowires are obtained (between 36 and 175 nm). With a center temperature of 875
• C, nanosheets about 10 µm wide are formed. Nanostructures are mainly crystalline with a small quantity of amorphous morphology. EDX and EELS spectra confirm that the nanostructures are not oxidized and that the contamination is restricted to the surface.
